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We have previously reported that human hair grows at a 
normal rate in vitro for up to 10 d. We have also reported that, 
on gross observation, epidermal growth factor appears to 
induce a catagen-like effect on cultured hair follicles, but we 
have not characterized the details of this. We now report that 
when isolated human hair follicles are maintained in the 
presence of epidermal growth factor, the rate of hair follicle 
elongation is significantly stimulated but hair fiber produc-
tion is inhibited. Light microscopy showed that epidermal 
growth factor stimulated a thickening and vacuolation of the 
cells of the lower outer root sheath of the hair follicle and that 
the matrix cells of the hair follicle underwent an upward 
migration resulting in the formation of a 'club hair'-like 
structure that remained connected to the dermal papilla by a 
thin strand of epithelial cells. [MethyPH] thymidine auto-
I n the mammal, hair growth is cyclical and three distinct stages can be identified: an active (anagen) stage during which hair growth occurs, an intermediate, regressive, cata-gen stage, followed by a resting telogen stage. The factors that regulate the hair growth cycle are poorly understood. In 
vivo animal studies have shown that when epidermal growth factor 
(EGF) is injected into newborn mice it inhibits hair growth [1], and 
when injected [2] or infused [3] into sheep it inhibits hair growth 
and causes the fleece to be shed. Light and electron microscopy have 
shown that in sheep these depilatory infusions of EGF trigger the 
follicles to switch from anagen to catagen [4,5]. These studies there-
fore suggest that EGF or its related ligand, transforming growth 
factor-alpha (TGF-a), may be important regulators of the hair 
growth cycle in vivo. The mechanisms ofEGF action on hair folli-
cles are unknown and, although EGF receptors are present in the 
hair follicle [6,7] and both EGF and TGF-a have been reported in 
the skin [8,9], it has never been clearly proved that EGF acts directly 
on the hair follicle and not via the dermis. 
We have previously reported the in vitro growth of isolated 
human hair follicles and shown that EGF ayparentiy mimicked the 
in vivo depilatory action reported in sheep [10]. These initial obser-
vations were carried out in the presence of 1 % fetal calf serum and 
were based on gross morphologic changes alone. We have since 
shown that hair follicle growth and morphology are significantly 
im£roved when the follicles are maintained in serum-free medium 
[11 J . We now present a detailed study of the effects of EG F on the 
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radiography was carried out to investigate the patterns of 
DNA synthesis and showed that epidermal growth factor 
inhibited DNA synthesis in the hair follicle matrix cells but 
dramatically stimulated DNA synthesis in the outer root 
sheath. We conclude from these studies that epidermal 
growth factor may be inducing an artificial 'catagen-like' 
effect by stimulating outer root sheath proliferation, which 
uncouples the normal patterns of proliferation and migration 
that occur in the anagen hair follicle and that result in an 
anagen-to-catagen -like transition. Moreover, these results 
also suggest that, under certain conditions, outer root sheath 
cells in the hair follicle may be capable of downward migra-
tion. Key words: organ maintenance/growth factors/thymidine up-
take. ] Invest Dermato11 02:186-191, 1994 
morphology and patterns of DNA synthesis in isolated human hair 
fo ll icles maintained in serum-free defined medium. 
MATERlALS AND METHODS 
Materials Williams E medium, L-glutamine, penicillin, and streptomy-
cin were supplied by Gibco (Romford, Essex); all other tissue culture re-
agents came from Sigma (Poole, Dorset), as did EGF and TGF-a. Photo-
graphic dipping emulsion (K5) was supplied by I1ford (Paisley, Scotland). 
Isolation and Maintenance of Hair Follicles Human anagen hair folli-
cles were isolated from scalp skin, taken from females aged 35 - 55 undergo-
ing facelift surgery, as previously described [10]. Briefly, isolation of hair 
follicles was achieved by using a scalpel blade to cut through the skin at the 
dermis-subcutaneous fat interface. Intact hair follicle bulbs were then iso-
lated from the subcutaneous fat, under a stereo dissecting microscope, using 
watchmakers forceps. 
Isolated hair follicles were maintained in 500 ~I of Williams E medium 
supplemented with 2 roM L-glutamine, 10 ngml- I hydrocortiscone, 10 
}Lgml- I insulin, 100 Uml- I penicillin, and 100 /.Lgml- I streptomycin [11]. 
Hair follicle measurements were made using a Nikon Diaphot inverted 
microscope with eyepiece measuring graticule. 
Histology Hair follicles were fixed overnight in 3.5% phosphate buffered 
formaldehyde, and then mounted into 3% agar blocks, which facilitated the 
subsequent handling of the follicles during sectioning. Agar blocks, contain-
ing follicles, were then fixed overnight in 3.5% phosphate buffered formal-
dehyde and then embedded in wax. Five-micrometer sections were cut and 
stained using hematoxylin and eosin. 
Autoradiography [Methyl-3H] thymidine autoradiography was carried 
out as previously described [101 using K5 dipping emulsion (I1ford), with the 
exception that in these studies autoradiographs were counterstained using 
hematoxylin. 
Pulse Chase Studies Pulse chase studies were carried out by incubating 
hair follicles for 24 h in individual wells of 24-well plates containing 500 uI 
of Will iams E medium supplemented with 5 ~Ci of [methyPH) thymidine 
(specific activity 3.3 /.LCi nmol-
'
). Following incubation, the hair follicles 
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Figure 1. The effects of different concentrations ofEGF on the rate of hair 
follicle elongation after 72 h. Results are expressed as the mean ± SEM for 
measurements made on hair follicles isolated from different skin biopsies 
(n = 5) using five hair follicles from each biopsy for each concentration (25 
hair follicles measured per concentration). Statistical analysis of data was 
carried out using Student t test. 
were gently washed in two changes of fresh medium. Some follicles were 
then fixed in phosphate-buffered formaldehyde and processed for autoradi-
ography; the remaining follicles were maintained for a further 96 h in either 
the presence or absence of 10 ngml-' EGF. After 96 h, these follicles were 
washed and processed for autoradiography. 
RESULTS 
Effects of EGF on Hair Follicle Elongation Figure 1 shows 
that after 72-h maintenance, EGF had a dose-response effect on the 
rate of hair follicle elongation over the range 0.01-10 ngml- 1 EGF, 
with hair follicles maintained in the presence of 1.0 and 10 ngml- 1 
EGF growing significantly longer than control follicles. However, 
the increased rates of hair follicle elongation in the presence of 1.0 
and 10 ngml- I EGF were also associated with marked changes in 
morphology. 
Effects ofEGF on Gross Hair Follicle Morphology Figure 2 
shows the sequential effects of 10 ngml- I EGF on gross hair follicle 
morphology over 96 h. Figure 2A shows the normal morphology of 
a freshly isolated hair follicle with an intact dermal papilla and hair 
follicle matrix. After 24-h maintenance in the presence ofEGF, the 
first signs of a change in gross morrhology were seen in the highly 
pigmented matrix cell region 0 the hair follicle bulb, which 
showed signs of an upward movement away from the dermal papilla 
(Fig 2B). After 48 h (Fig 2e), the movement of this pigmented 
region away from the dermal papilla was more apparent, and by 72 
h, it had moved some distance away from the dermal papilla and 
appeared to be forming a club-like structure at the base of the hair 
fiber (Fig 2D), which appeared, however, to remain connected to 
the dermal papilla by a thin pigmented strand. From gross hair 
follicle morphology it was also apparent that, by 72 h, EGF-treated 
hair follicles had stopped producing a keratinized hair fiber. After 
96 h, the formation of the club-like structure was complete and no 
further changes in morphology were observed (Fig 2E). Beyond 96 
h, hair follicles maintained with EGF hair follicles usually attached 
to the tissue culture plastic and ex plants of cells from the outer root 
sheath (ORS) resulted in the breakdown of hair follicle morphol-
ogy. Control experiments maintained in the absence ofEGF did not 
attach to the tissue culture plastic. Attempts to prolong the culture 
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Figure 2. The effects of EGF on gross hair follicle morphology. Showing 
sequentially the changes in morphology that occur over 96 h when hair 
follicles are maintained in the presence of 10 ngml- I EGF. A) Freshly 
isolated hair follicle with intact hair follicle bulb and dermal papilla (DP), 
outer root sheath (ORS), and hair fiber (H). B) After 24-h maintenance in 
the presence ofEGF, very little change in gross morphology is observed. C) 
However, after 48 h the pigmented region of the hair follicle adjacent to the 
dermal papilla appears to be moving away from the dermal papilla (arrows) 
and after 72 h (D), the formation of a club hair (CH)-like structure is very 
apparent. By 96 h, this structure is clearly developed and it is clear that the 
follicle is no longer producing a keratinized hair fiber (E) . Control hair 
follicles maintained for 96 h in the absence ofEGF (F) showed normal gross 
morphology. Bar, 1 mm. 
period of EGF-treated hair follicles by placing the multiwell plates 
on a rocking bed within the incubator failed and the follicles still 
attached and explanted to the tissue culture plastic. 
We have also investigated the effects of both TGF-a and recom-
binant human EGF (Urogastrone) on cultured hair follicles and 
have found that at 10 ngml- I they both have the same effect on hair 
follicle growth and morphology as we have shown for EGF (not 
shown). 
The Effects of EGF on Hair Follicle Histology Figure 3A 
shows the normal morphology of a freshly isolated hair follicle with 
intact dermal papilla and matrix. After 24-h maintenance in the 
presence of EGF, slight changes in histology were sometimes ob-
served; these included thickening of the lower ORS and an apparent 
upward migration of melanocytes in the hair follicle bulb (Fig 3B). 
By 48 h (Fig 3C), changes in hair follicle morphology were much 
more apparent, and always seen. The ORS in the lower hair follicle, 
adjacent to the matrix, but not in the upper ORS, adjacent to the 
keratinized hair fiber, appeared much thicker and contained vacu-
oles; furthermore, the dermal papilla appeared to be compressed, as 
did the matrix cells of the hair follicle bulb, which appeared to be 
squeezed upwards, away from the dermal papilla, leaving a narrow 
strand of darkly stained non- ORS-like cells. After 72 h, this move-
ment of matrix cells away from the dermal papilla was more pro-
nounced (Fig 3D) and resulted in the formation of a 'club hair'-like 
structure situated at the base of the hair fiber, but connected to the 
dermal papilla by a thin strand of cells. By 96 h, this club-like 
structure had taken on a much more rounded appearance and the 
dermal papilla, which during the course of these studies remained 
elongated, appeared smaller and had moved slightly from its normal 
position at the base of the hair follicle bulb (Fig 3E). 
The Effects of EGF on the Patterns of fMethyPHJ Thymi-
dine Uptake Figure 4A shows the pattern of [methyPH] thy-
midine autoradiography in freshly isolated hair follicles. The ma-
jority of thymidine labeling occurred in the matrix cells of the hair 
follicle bulb adjacent to the dermal papilla; very little label was 
observed in the ORS (Fig 4B). After 24-h maintenance in the pres-
ence of EGF, there was little change in labeling of the hair follicle 
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Figure~. The effects of 10 ngml- ' EGF on hair follicle morphology. A) Morphology of a freshly isolated anagen hair follicle with the matrix cells (M). 
dermal papilla (DP). and outer root sheath (ORS). B) After 24-h maintenance in the presence ofEGF. slight vacuolation of the lower hair follicle bulb (arrows) 
and the spindle-shaped appearance of the melanocytes (Me). C) After 48 h, thickened, highly vacuolated ORS and compressed dermal papilla also apparent is 
the upward movement of the matrix cells away from the dermal papilla. D) 72 h, formation of a club hair (CH)-like structure connected to the dermal papilla 
via a thin epithelial strand (ES). B) 96 h, club hair and epithelial strand; also, slight upward movement of the dermal papilla (F) and (G) control follicles 
maintained in the absence of EGF showing normal morphology of the hair follicle bulb and ORS. Bar, 100/lm. 
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Figure 4. [Methyl-3H) thymidine autoradiography showing the effects of 
10 ngml-
' 
EGF on patterns of thymidine uptake in isolated hair follicles. A) 
Freshly isolated hair follicle showing thymidine labeling of the matrix cells 
adjacent to the dermal papilla. with little uptake seen in the ORS (B). After 
24-h maintenance in the presence of EGF, there is very little change in 
labeling of the matrix cells but a marked increase in thymidine uptake into 
the ORS (e). By 48 h, there is a reductionoflabeling in the matrix cells (D) 
compared to the ORS (E); after 72 h (F), very li ttle uptake is seen in the 
matrix cells around the dermal papilla but the ORS still shows marked 
uptake (G). By 96 h, labeling in the matrix cells is very sparse (H) but still 
marked in the DRS (1). Control follicles maintained for 96 h in the absence 
of EGF show normal patterns of thymidine uptake in the matrix cells (]) , 
with little labeling of the DRS (K). Bar, 100 11m. 
matrix cells, but a marked increase in labeling of the cells of the 
upper ORS, above the hair follicle bulb, adjacent to the keratinized 
hair fiber (Fig 4C). By 48 h, there was also a very clear change in the 
amount of labeling in the hair follicle bulb, with thymidine uptake 
restricted to the matrix cells closest to the dermal papilla and in the 
central epithelial strand (Fig 4D). The cells of the upper ORS, 
however, still showed a marked level of thymidine uptake (Fig 4E). 
After 72 h, the decrease in thymidine uptake by the hair follicle 
matrix cells was even more apparent, with labeling being restricted 
to the innermost matrix cells, adjacent to the dermal papilla, and in 
the outermost region of the hair follicle bulb (Fig 4F). Thymidine 
labeling in the ORS above the developing club was still very pro-
nounced, whereas little label was seen in the ORS below the devel-
oping club hair (Fig 4G). By 96 h, very little thymidine uptake was 
seen in the hair follicle bulb (Fig 4H) but was still seen in the ORS 
(Fig 41). Control follicles maintained for 96 h in the absence ofEGF 
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Figure 5. Autoradiograph showing the results of [methyPH) thymidine 
pulse chase studies carried out on hair follicles maintained in the presence of 
EGF (A), showing that label has migrated to the club hair and epithelial 
strand, and (B) control follicles maintained in the absence ofEGF showing 
labeling in the matrix cells, hair follicle cortex (C). inner root sheath (IRS). 
and some label secn in the DRS. Experiments were carried out as described in 
the text. Bar, 100 11m. 
showed normal patterns of thymidine labeling in the matrix cells 
(Fig 4]), with very little uptake in the ORS (Fig 4K). 
Pulse Chase Studies Pulse chase studies using [methyl-3H] thy-
midine were carried out to establish the origin of the cells forming 
the club hair and epithelial strand. Control experiments showed 
that in freshly isolated hair follicles, [methyl-3HJ thymidine uptake 
took place predominately in the matrix cel ls of the hair follicle bulb, 
as previous ly shown in Fig 4A, when hair follicles that had been 
labeled for 24 h with [methyPH] thymidine were then maintained 
for 96 h in the presence of EGF. Autoradiography of these follicles 
showed that most of the [methyl-3H] thymidine was located in the 
cells forming the club hair and epithelial strand (Fig 5A). Control 
studies, in which follicles were maintained in the absence of EGF 
for 96 h, showed normal morphology, with [methyPH] thymidine 
present in the hair follicle matrix cells and in the developing IRS 
and hair fiber. Very little label was observed in the ORS (Fig SB) . 
DISCUSSION 
The i'l vivo effects ofEGF on hair growth appear to be mediated by 
switching hair follicles from anagen to catagen [4,5]. In a prelimi-
nary itt llitm study, performed in the presence of 1 % fetal calf serum 
[10], we found that when human hair follicles were incubated with 
10 ngml-
' 
EGF they underwent changes in gross morphology in 
which the hair fiber appeared to be ejected from the hair follicle. To 
study this in more detail we have now maintained isolated human 
hair follicles in serum-free medium and looked at the effects ofEGF 
on rates of hair follicle elongation, histology, and patterns of DNA 
synthesis. 
We have found that, over a range of concentrations, EGF had a 
marked effect on the il'l vitro rate of hair follicle growth, with the 
higher concentrations ofEGF significantly stimulating hair follicle 
elongation; however, this was not a consequence of faster hair 
growth. Morphologic studies 011 EGF-treated hair follicles showed 
, 
.. 
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that the matrix cells of the hair f<:>lli.cle bulb ~ppea~ed as though they 
were being squeezed upwards wlthm the hair folhcle by an accumu-
lation of cells within the hair follicle bulb, that, on histology, ap-
peared ORS-Iike. Thi~ s9.ueezing of the matru.c cells led to the 
formation of a club halr-Itke structure that remamed connected to 
the dermal rapilla by a strand of darkly stained non-ORS cells. 
[MethyPH thymidine pulse chas~ e:cperiments on EGF-~reat~d 
follicles showed that the club halr-hke structure and eplthehal 
strand, but not the ORS-like cells, were derived from cells originat-
ing in the hair follicle matrix. 
[Methyl-3H] thymidine autoradiography showed that, in EGF-
treated hair follicles, there was a marked increase in thymidine 
uptake in the basal cells of the upper ORS. This is compatible with 
the previously published data, which have shown that both EGF 
receptor antibodies and also (1 251] EGF bind to the ORS [6,7]. This 
suggests that it may be the increased EGF-stimulated cell prolifera-
tion of the upper 0 RS that generates the daughter cells that migrate 
down to the base of the follicle bulb and squeeze the matrix. 
[MethyPH] thymidine autoradiography also showed that in the 
presence of EGF there was a progressive decrease in thymidine 
uptake in the cells of the hair follicle matrix. The mechanism of this 
inhibition remains unclear because it is not certain if matrix cells 
express EGF receptors. It has been reported that antibodies to EGF 
receptors bind to matrix cells, but (1251] EGF binding studies failed 
to show binding [7]. This indicates either that the EGF receptor 
antibodies were not specific, or that all the receptors are internal-
ized. However, Reynolds and Jahoda [12] have reported the culture 
of hair follicle matrix cells in medium containing 10 ngml- 1 EGF; 
this would suggest that EGF does not inhibit matrix cell prolifera-
tion. It is possible, therefore, that the EGF inhibition of matrix cell 
division may be secondary to the physical separation of matrix cells 
from the dermal papilla mediated by the ORS expansion. Matrix 
cell division and differentiation are dependent on their close prox-
imity to the dermal papilla [12,13]. 
These in vitro changes in hair follicle morphology are similar to 
those that have been reported for EGF-treated sheep follicles [4] and 
they also resemble in some aspects the in vivo transformation of 
follicles from anagen to catagen [14-16]. This confirms the value of 
this in vitro model. Moreover, the onset of catagen in vivo is marked 
by a cessation of DNA synthesis in the matrix cells of the hair 
follicle [15]; this has also been reported for EGF-treated sheep folli-
cles [4,17,18]' We now report it for EGF-treated isolated human 
hair follicles. Furthermore, the thickening of the ORS that we 
report here is also associated with the anagen-to-catagen transition 
seen with in vivo infusions of EGF in sheep [4]. 
However, thickening of the ORS has not been reported for nor-
mal in vivo catagen, which indicates that EGF cannot be the sole 
factor in vivo. Further, in vivo, the transition from anagen to catagen 
is also marked by a condensation of the dermal ya£illa to form a 
round clump of cells at the base of the hair follicle l15 J, which is also 
seen with the in vivo infusion of EGF [4]. We did not see this, 
however, and although the dermal papilla appeared smaller, it re-
mained elongated. Moreover, both the in vivo transition of anagen 
to catagen, and to a lesser extent the in vivo infusion of EGF, are 
associated with a shortening of the hair follicle and a thickening of 
the glassy membrane r14-16], yet we noted neither. Further, apop-
tosis is an important (eature of both normal hair follicle involution 
[19], as well as that induced by the infusion of EGF [5]. In our 
EGF-treated human hair follicles, we were unable to positively 
identify apoptotic cells using light microscopy and are therefore 
carrying out a detailed electron microscopical investigation. These 
observations suggest that other factors are essential for the ill vivo 
anagen-to-catagen transition. Because, in vivo, macrophages are 
closely associated with catagen hair follicles [20,21], it may be that 
the co-culture of macrophages with EGF-treated hair follicles will 
reproduce these findings in vitro. 
Finally, although EGF receptors are located in the ORS [6,7], the 
physiologic ligand may be TGF-a, which is also a ligand for the 
EGF receptor [6] and which is known to be produced in the skin [9]. 
We have now shown that TGF-a elicits the same changes in hair 
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follicle morphology as EGF, as does recombinant humanEGF (uro-
gastrone) . 
In conclusion, we have shown, first, that in vitro we can mimic 
closely the in vivo changes in hair follicle morphology brought 
about by the infusion of EGF and, moreover, that these changes 
resemble some aspects of an anagen-to-catagen -like transition. 
However, our data suggest that this EGF-induced anagen-to-
catagen-like transition may be artificial, occurring as a result of 
increased ORS proliferation, which uncouples normal patterns of 
proliferation and migration that occur in anagen hair follicles. This 
is supported by the observations that, ill vivo, EGF-treated sheep 
follicles regenerate, re-enter anagen from catagen, and do not enter 
telogen [4]. 
Second, Reynolds and Jahoda [22] have speculated that, in anagen 
hair follicles, ORS cells might migrate downwards towards the hair 
follicle matrix. Our data indicate that ORS cells might, under cer-
tain conditions, undergo downward migration within the hair 
follicle. 
Third, Cotsarellis et al [23] have suggested that hair follicle stem 
cells reside in a distinctive region of the ORS known as the bulge 
and that with the onset of anagen the dermal papilla activates these 
bulge cells to generate a new anagen hair follicle. Further, Moore 
et al [24] have suggested that as EGF receptors are located in the 
ORS of hair follicles, EGF may be responsible for generating line-
ages of cells that populate the matrix. In human scalp hair follicles, 
the bulge is not apparent and if the stem cells do reside m the ORS 
they may be more diffuse within the basal layer of the ORS. If so, it 
may be these cells that EGF activates ill vitro. 
Bullough [25] has shown that, in early anagen hair follicles in 
vivo, there is a dramatic burst of mitotic activity in the upper ORS 
that is responsible for generating fully extended anagen hair folli-
cles. Our data indicate that EGF may be a signal for that. This 
suggestion is strengthened by the observations that the thickness of 
the epidermis varies considerably during the hair growth cycle [26]. 
With the onset of anagen the basal cells of the epidermis undergo 
rapid proliferation to give rise to a much thicker epidermis than seen 
in the resting telogen skin. During late anagen, the epidermis be-
comes progressively thinner than in normal resting skin, but with 
the onset of catagen the skin again undergoes a slight thickening to 
its resting telogen state. As EGF promotes epidermal thickening in 
vivo [27], it may be the production of EGF or TGF-a by the hair 
follicle in both early anagen and also with the onset of catagen that 
are responsible for these epidermal changes. However, discrepan-
cies between our in vitro findings and the transition of anagen to 
catagen ill vivo indicate that factors other than EGF must be impor-
tant in vivo. 
We tlwllk Gil/iat' Westgate Jar many IIseJIl/ discussions alld Ulli/ever Researcl, Jar 
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